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CHAPTER I 


INTRODUCTION 

Unnoticed by the general public, aircraft propulsion 
system design, particularly the turbine engine design, has 
undergone a major change during the last fifteen years. The 
principle of "thrust regardless of noise" has been gradually 
replaced by "noise conscious" design principles. The noise 
reduction achieved, in spite of large increases in thrust, 
has been respectable. Siddon (1)^ demonstrated the achieve- 
ments by two impressive graphs which are reproduced here 
(Figures 1 and 2). , 



Figure 1. Footprints of Turbine Engines at 
Equivalent Distances for 110 dB Contours. 

Source: Siddon, T. E. "Jet Noise Research - Progress 

and Prognosis," Inter-Noise 72 Proceedings, International 
Conference on Noise Control Engineering, Washington, D.C. 
October 1972. 


^Numbers in parentheses refer to similarly numbered 
references in the bibliography. 
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Figure 2. Flyover Aircraft Noise (1000 Feet Alti- 
tude) . 

Source: Siddoh, T. E. "Jet Noise Research - 

Progress and Prognosis," Inter-Noise 72 Proceedings , 
International Conference on Nfoise Control ¥ngiheering, 
Washington, D. C. October 1972'. 


•However, the reductions are- not' yet sufficient for large 
2 

STOL aircraft to operate from airfields near city centers; 
The need for high lift devices adds additional noise sources 
which may radiate a considerable amount of acoustic power. 
Dorsch etal. (2) conducted acoustic tests with models of 
high lift devices such as blown flap, augmentor wing and 


2 Short Take-Off and Landing (STOL) . 


2 



3 

jet flap which are currently developed for STOL aircraft. 
The noise data of the blown flap and the augmentor wing were 
extrapolated to represent full scale STOL airplane flap 

i 

•systems. Dorsch etal. concluded that both systems will have 

4 

serious noise problems. With an engine such as the NASA 
Quiet Engine (3) the high lift devices may be even the major 
contribution to the aircraft .noise. 

The noise data in Reference (2) for the jet flap were 
not extrapolated to full scale. Comparison of the model re- 
sults, however, showed that the jet flap was ‘the quietest of 
the three configurations. This result together with the fact 
that it is a simple device ( as opposed to the jet-augmented 
flap) makes it a promising propulsion system component for 

'■H _ 

STOL aircraft. 

Some fifteen years ago interest in the jet flap was 
originated by promising aerodynamic as well as acoustical 
features. Aerodynamically the high energy jet emerging from 
a slot on the upper surface of the wing, blowing tangen- 
tially to this surface, will result in a higher lift coeffi- 
cient due to an increase in circulation and acceleration of 
the boundary layer. The higher lift coefficient would result 


3 

Following (2) the term "Jet flap" will subsequently 
be used for jets emerging from a rectangular slot nozzle over 
a flap attached to the nozzle (Figure 3). In the literature 
this configuration is also known as an "internal-flow jet- 
augmented flap configuration" (4) or, more simply, jet-au'g- 
mented flap (5) . 

4 

National Aeronautics and Space -Administration (NASA). 


3 





in a decrease of the landing and take-off distance, which is 
a' necessary- step on the way— to high-density traf fic- opera- 

} 

: tion, one of NASA’s primary considerations in the research 

j • 

■ on STOL. 

From the acoustic point of view there are several fea- 
tures which suggest the jet flap as a potentially quieter 
; propulsion system component. in 1959 Coles (5) showed both 
f experimentally and analytically that the total sound power 
putput of a slot nozzle of high aspect ratio is half, or 3dB 

• less, of the . output of a circular nozzle having the same exit 

■ area and exit velocity. ..This analysis was based on similar i- 
i ties of . fundamental, mixing-rzone structure between the slot 

nozzle and "the circular nozzle. Moreover a change in geometry 
: from circular to rectangular shifts ttie spectrum of the noise 

*X*.. *’ .'V . . '/ 

j to higher frequencies and thus shorter wavelength- due to i the 
, change of characteristic length (diameter and slot" height re- 

; ' - - *s. . »• ) 

i spectively). A flap, acting as a sound shield, is effective 

t 

;• for wavelengths small compared to the dimension of the flap. 

: Thus part of the jet aircraft exhaust noise could be refiec- 
; ted away from the ground. ‘j 

j 

Early acoustic tests with jet flaps, however, revealed 
j some unexpected radiation characteristics. Maglieri and. 

• Hubbard (4)- conducted free-field tests with model- jet flaps 

6 

having an aspect ratio of a = 200 and dimensionless lengths of 


5 

Aspect ratio = slot width / slot height. 

g 

The flap length is made non-dimensional with respect 
to the slot nozzle height. 


5 



20 and 190. For the shorter -flap only minor changes in 

radiation pattern were found but a general increase in noise. 

> 

For the long flap, however, a considerable noise reduction 
was observed, especially in the downward or shielded direc- 
tion. On the other hand an increase in low frequency noise 
occured. Coles (5) made full-scale free-field tests with a 
jet flap having an aspect ratio of 100 and a flap length of 
20. He reported reductions in overall noise and a benefi- 
cial change in the radiation characteristics. Although the 
two quoted results are in some points somewhat contradictory, 
both agree on the potential of the jet flap as a quieter jet 
configuration. 

Therefore, one of the goals of this dissertation was to 
investigate certain aeroacoustic characteristics of jet flaps 
in more detail. The other goal arose from the necessity to 
know the location of the main noise sources in order to 
initiate a jet noise suppression program. This resulted in 
an effort to estimate the acoustic source strength distribu- 
tion in the turbulent mixing region originating at the nozzle 

orifice and in the turbulent mixing region originating at 

8 

the trailing edge of the flap. Particular attention was di- 
rected to thelatter mixing region since it was expected that 


7 

For this mixing region the term "primary mixing re- 
gion" will be subsequently used. 

8 

For this mixing, region the term "secondary mixing 
region" will be subsequently used. , 


6 



this flow region may become an efficient noise source in 
9 

practical jet flap configurations. 

The first part of the investigation was a parametric 
study on the influence of the slot nozzle aspect ratio, , the 
flap length and- the Mach number on the overall sound power 
output and the spectral composition of the overall radiated 
noise. The exit area of the nozzles and the flap deflection 
angle are parameters which were kept constant. Although the 
problem of jet noise is not limited to subsonic exit velocities, 
only this range is under consideration here. The acoustic 
properties of the slot nozzles and the jet flaps are compared 
with those of the circular reference nozzle which has the 
same exit area. 

The appropriate method of determining the overall 
sound power and the spectral composition of the noise of a 

jet is to place the jet into a reverberation chamber and 

/ 

measure the sound pressure level by means of a microphone. 
Knowing the absorption characteristics of the reverberation 
chamber the overall sound power and its spectral distribu- 
tion can be calculated. The characteristic feature of a re- 
verberation chamber is the uniformity of the sound energy 
density everywhere in the chamber except in the near field 
of the acoustic source and near the walls. Thus the 


9 

With regard to the necessary integration of the flap 
into an airplane wing of a STOL airplane, the practical 
aspects of the jet flap were important for the choice of the 
flap length. Therefore, when this study was initiated, a 
maximum flap length of approximately 32 times the slot height 
was chosen. 


7 



directivity of the noise source is completely lost. Because 
t;he microphone has to be sufficiently far away from the noise 
source it is impossible to resolve the overall pressure level into 
sound pressures which are radiated from different parts of the 
flow field of the jet flap. Therefore, the' acoustic tests yield 
information about the influence of "the parameters on the overall 
sound power and on the spectral distribution, but they cannot 
give detailed information on the location of the main noise 
sources. 

It appeared that one way of gaining this information 
was to study those flow field 1 characteristics that are known 
to be involved in the generation of noise . r 

The flow fields of a two-dimensional jet and of a two- 
dimensional jet flap are shown in Figure 4. The flow field 

l 

produced by a two-dimensional jet emanating into a medium at 
rest can, in general, be divided into three regions. The 
initial"- region (or first regime) extends from the nozzle exit 
to the point where the potential core disappears. "From 
either side of the edge of the slot (or at the circumferential 
edge of a circular nozzle) a highly turbulent mixing layer 
starts to develop that separates the low turbulence potential 

core from the medium at rest. From certain downstream position 

• . .• , 1 .« . 

which depends on the details of the boundary layer in the 
nozzle exit, the mean and turbulence velocity profiles of 
the initial region display similarity. After the turbulent . 
mixing layer has penetrated the potential core sufficiently to 


8 . 




(a) Flow Field of a Two-Dimensional Jet Exhausting 


into a Medium at Rest . 



, (b) Flow Field of a Two-Dimensional Jet Flap Exhausting 
into a Medium at Rest. 

Figure 4. Flow Fields of Two-Dimensional Jets and 
Jet Flaps. 


9 




cause its disappearance, the flow field undergoes a transition 
into the region of fully developed flow which again' displays 
similarity of the mean and turbulence velocity profiles. The 
intermediate region is often simply called the transition 
region and is characterized by the lack of any similarity. 

The noise producing region of the two-dimensional jet 
is, in general, the free turbulent flow field as a whole. 
However, following Lilley (6) the important parts 'of the tur- 
bulent flow field can be specified. Lilley states that 

the central region of the mixing region is mainly 
responsible for the bulk of the noise emitted, since 
the distribution of acoustic quadriipole strength 
across the mixing region is roughly Gaussian, with a 
half-width less than a quarter of the mixing region 
breadth. 

Furthermore, the greatest contribution to the noise, 
radiated from the initial region is from the interaction 
between the turbulence and the mean shear (shear-noise), 
contributing more than 80% of the noise (6) . The remaining 
20% or less is generated by the turbulence itself (self- , 
noise) .' In the region of fully developed flow the contribu- 
tions of shear-noise and self-noise to the radiated sound, are 

>c, 

approximately equal. Estimates of the sound spectrum suggest 
that the high frequency sound is generated at the first two 
to three nozzle heights whereas the bulk of the low frequency 
noise is originated further downstream up to about six nozzle 
heights downstream of the nozzle exit. The noise generated 

r 

further downstream is of low intensity since the quadrupole 

-7 ’ 

strength falls off proportional to x^ 
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The three regions described are also present in the 
flow field of a jet flap, though only on one side of the po- 
tential core. They constitute the primary mixing region. 
Since the potential core is shielded from mixing on one side 
by the flap, its length will be increased. The actual 

i , . ' 

length of the core depends primarily on the origin of the 
secondary mixing region, thus on the flap length, and only 
secondarily on the inner boundary layer adjacent to. the flap. 

Both regions generate noise. The inner boundary 
layer will have high mean shear and may develop high turbu- 
lence levels at the outer edge further downstream, but its 
' • * ' ' 

volume is very small compared to the volume of the primary 
and secondary mixing regions. To the knowledge of , the 
author nothing was known about the noise generation of the 
secondary mixing region and this was one of the major sub+ 
jects of this study. 

Based on Lighthill's (7) classical theory on aero- 

< > 

dynamic noise Lilley (6) derived approximate equations for 
the overall sound power output of the shear-noise and the 
seif-noise of a two-dimensional, incompressible turbulent 
jet. According to these estimates the total sound power of 
the shear noise depends mainly on the flow properties, turbu- 
lence- intensity, mean velocity gradient and turbulence scale, 
whereas the sound power of the self-noise depends mainly on 
the turbulence intensity and the turbulence scale. These 
three or two quantities can be combined into an acoustic 
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source strength term for the shear-noise and the self-noise 
respectively. Determination of the source strength distri- 

V "V ^ V. . 

bution will yield information on the relative contribution 
of the two main turbulent mixing regions to. the noise generated 
by a jet flap. The object of the flow measurements was there- 

<■-'* ’ t . ' • ' ' • 

fore to gain general information on the turbulent flow field 
' . •. * ; j -V • ■ 

of jet flaps and, in particular, to measure those flow quanti- 
ties related to the acoustic source strength. 

This report is arranged into five chapters. Chapter II 
deals with the acoustic measurements in a reverberation 
chamber. The results of the overall sound power and frequency 
spectrum measurements are presented. Chapter III contains the 
results of the flow field measurements by means of a hot- 
wire anemometer and Chapter IV presents the estimate of the 
acoustic source strength distribution in the primary and 
secondary mixing regions. Finally, Chapter V summarizes the 
study and presents the conclusions that can be drawn. 
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; CHAPTER; II '• 


ACOUSTIC MEASUREMENTS 
.. I . PREVIOUS EXPERIMENTAL WORK 


Some of the noise characteristics of jet flaps have 
been investigated by several researchers regarding the noise 
reduction potentials the configuration seems to offer. 

One of the earliest tests on jet flaps was performed 
by Maglieri and Hubbard (4). They conducted free-field 
measurements with model jet flaps having an aspect ratio of 


A = 200 and dimensionless flap lengths 6 F = 20, 


72 and 190. 


The exit velocity was that corresponding to an exit Mach number 


of 0.96. Compared to the pure slot nozzle only minor changes 
in radiation pattern were found for the shortest flap, but 
a general increase in noise. For the extremely long flap, 

5 = 190, however, the radiation pattern was substantially 

a .......... ■ .... ■■ . • . ... . -- ; • r- 

changed and below the flap overall-noise reductions of up to 
15 dB were measured. On the other hand the noise spectra 
revealed that a marked increase in low frequency noise occurred. 

Coles (5) made full-scale free-field tests with a jet 
flap having an aspect ratio of 100 and a flap length of 20. 

The exit velocity of the hot jet was kept constant at 1600 
ft/sec, the corresponding Mach number was 0.9. He reported 
a moderate reduction of sound power over the whole frequency 
range compared to the pure slot nozzle, except at the low 
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frequency end of the spectrum. He also calculated the over- 
all sound power and obtained a 1.5 dB noise reduction due 
to the addition of the flap to the slot nozzle, a very modest 
value indeed. 

Grosche (8) conducted extensive tests with slot nozzles 
whose exhaust jet was shielded by a finite flat plate mounted 
parallel to the exit velocity (Figure 5). 



Figure 5. Jet Flap Tested by Grosche. 


Source: Grosche, F. R. "Zur Schallerzeugung= durch 

einen turbulenten Luftstrahl uber einer endlich grossen 
ebenen Platte," Mitteilungen aus dem Max-Planck-Institut 
fur Stromungsforschung und der Aerodynamischen Versuchs- 
anstait, Selbstverlag Max-Planck-Institut fur Stromungs- 
forschung und Aerodynamische Versuchsanstalt , Gottingen, 
Nr. 45, 1969. 
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His primary goal was to study the influence of the parameters 
y^aadd -t on the acoustic radiation,, . In the limiting case of 
y = h/2 this configuration ^ becomes the jet flap considered 

A 

in this study* Therefore his results are of interest and will 

be examined more closely. The model jet flap under consideration 

had an aspect ratio of 23 and the flap length was variable 

between 5 = 25 and 100* The Mach number of the cold air jet 

r ^ 

was 0.98. Free-field measurements were conducted in the first 
part d>f his study. He reported the following conclusions: 

1. The flap causes additional noise, mainly in the 
low frequency range. The radiation is strongest 
in the plane perpendicular to the jet exit plane 
(x^-X2-plane) and increases in strength with 
decreasing flap length. 

2. If the flap is sufficiently long the radiation 
field contains less high frequency noise than the 
field of the pure slot nozzle. 

The reasoning for the second conclusion is the following: 

A flap prevents the mixing of the turbulent plane jet with 
the ambient air on one side of the jet sheet, especially , near 
the nozzle orifice commonly associated with the source of high 
frequency noise. 


The smallest y ./h attainable with his set-up was 
y. = 0.55, resulting in a step of 0.1 mm between the nozzle 
exit and the flap. The effect of this step on the total ; 
noise is assumed to be negligible. 
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In the second part of' his study Grosche made an effort 
"to ‘measure the source distribution. Using a spherical ref lec- 


tor ah image : of a certain volume of the turbulent flow is ob- 
tained outside of the 'flow. The noise intensity is then 
measured at the image volume by means of a microphone. One 
drawback of- the method is that the measured noise intensity 
is 'j” r 6f 1 course , only that radiated to and reflected by the re- 
f lectori ; As a jet flap has a highly directional radiation 
pattern -several measurements have to be performed focusing 
on the” 'same volume element but from different directions . 

The ^measured- intensities have then to be superimposed in some 
suitable way i-n order to get the source strength Of the 
volume 'element of turbulence. Dealing ^with acoustic radiation 
results in another drawback'. Due to diffraction effects 


caused by the large wavelength the resolution is only satis- 
factory for high frequency, say 10 KHz. With these restric- 
tions' in -mind the conclusions are the following:’ ’ 



• radiated by a region at or behind the trailing 
■ edge of the flap. Although -this 1 observation 1 is 


valid for- all frequencies" the^largest increase, 
f compared to the pure slot ’nozzle ,' occured at s the 
ldw'frequency end of the spectrum. ' ! ! 


It may ^be remarked that for- low frequencies the resolution is 
veryr'pbor. This makes it y difficult if not "impossible to' de- 
■termirie the location' from 1 whi’ctf the low frequency noise is emitted. 
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2. The results support the assumption. that the flow 
. field near to the nozzle orifice of a jet flap 

■. radiates less high frequency sound than the same 
region of a pure slot nozzle. 

Grosche measured the inf luence. r ,of the exit velocity on 

the intensity and found for the jet flap approximately a 
5 

U -law. He concluded from this result that the additional 
noise of a jet flap is due to dipole radiation from. the 
trailing edge of the flap. The author noticed, however, 
that the peaks of the plotted noise intensity versus x^.are 
located downstream of the trailing edge of the flaps for all 
components of the noise spectrum. This implies that strong 
noise sources are not only at the trailing edge, but down- 
stream of it as well. But these, in the absence of solid, 
boundaries, would have to be quadrupole .sound sources. 

Hayden’s master thesis (9) confirms the presence of 
dipole noise sources along the trailing edge. He showed how 
the directivity of a point dipole is changed due to diffrac- 
tion of the waves at the trailing edge. Free-field measure- 
ments substantiated his calculations. Therefore, it seems to 
,be .well established both' theoretica lly and experimentally 
that dipole noise sources are located at the trailing edge. 
Powell (10) stated that trailing edge noise will produce 
a spectrum whose shape will depend principally on the local 
characteristics of the flow there. However, it is expected 
to .contribute mainly to the lower frequency end of the spec- 
trum. ' 
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So far, only the results of free-field measurements 
have been reported. Harper (11) and Gruschka (12) made tests 
on overall sound power and frequency spectra of slot nozzles 
and jet flaps in a reverberation chamber. Their results will 
be quoted and compared to those reported in this study. 

II. ACOUSTIC TESTS IN A REVERBERATION CHAMBER 

The object of the acoustic tests, conducted in a rever 
beration chamber, is the parametric study on the influence of 
the slot nozzle aspect ratio, the flap length and the Mach 
number on the overall radiated sound power and its spectral 
composition. The test facility in general and its most im- 
portant parts like the slot nozzles, the flaps, and the stil- 
ling chamber as well as the instrumentation and the reverber- 
ation room are described in Appendix A. 

Overall Sound Power Measurements of 
Jet Flaps and Slot Nozzles 
Figure 6 gives a general picture of the radiated 
sound power as a function of the exit Mach number, aspect 
ratio and flap length. The slot nozzles are generally 
quieter than the circular nozzle by some 3 dB or more for 
Mach numbers larger than 0.5 approximately. Adding a flap 
to the slot nozzle results in an increase of overall sound 
power over the whole covered Mach number range. For low 
Mach numbers this increase is substantially larger than for 
higher subsonic Mach numbers. 
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O Circular Nozzle O Jet Flap l = 0.8 in 

• Slot Nozzle A Jet Flap = '1.38 in 

□ Jet Flap = 0.5 in. V Jet Flap =2.0 in 


Figure 6: Overall Sound Power Level Versus Mach 


Number . 



Figure 7 presents the overall sound power versus the 
non-dimensional flap length with the exit Mach number as 

’ r 

parameter. For 0 < 6 F 10 a graph of the sound power versus 

the dimensional flap length is also presented in Figure 8, 

since the sound power increases in this range with 5 _ and A . 

r 

* 

The rate of increase depends on the Mach number and increa- 
ses^ with decreasing Mach number. For 5 _ > 10 the sound 

r ^ ' J* 

f * 1 • 

power remains approximately constant and the influence of 
the aspect ratio is limited to the highest subsonic Mach 
number used during the tests. It should be noted that this 
change in the radiation characteristics occurs at a flap 
length that equals approximately the maximum potential core 
length. 

Figure 9 is a graph of the overall sound power of 
the circular reference nozzle and the three slot nozzles 

versus the exit Mach number plotted in a logarithmic scale. 

. ... 

For M e >0.5 the sound power of the circular nozzle follows 

g . 

very closely Lighthill’s ,U -law which is represented by a 
straight line. The situation is substantially changed for 

U„S 

the slot nozzles. At higher subsonic Mach numbers the Slot 

8 : s v 

nozzle A = 30 follows the U -law, the nozzle a = 120, however, 
7 

follows a U -law, whereas the nozzle A = 60 gives results 
somewhere in between. For lower Mach numbers the exponent 
decreases further to approximately 4. For M g > 0.5 the 
slot nozzles generate less sound than the circular nozzle. 

This is in agreement with Cole’s (5) estimate that the noise 
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Figure 8, Overall Sound Power Level Versus 
Flap Length, 




Figure 9 „ Exit Velocity Power Laws for Circular Nozzle and Slot Nozzles 



generation of a slot nozzle with a sufficiently high aspect 

ratio ( in order to neglect the end effects) should be 

approximately 3 dB less than that of a circular nozzle, with 

the same cross-sectional area and exit velocity. 

Figure 10 shows that adding a flap to the slot nozzle 

increases the radiated sound power. The added flap also 

changes the exponent in the power law. The jet flap does not 

8 

follow Lighthill’s U -law within the Mach, number range covered. 
Even for higher subsonic Mach numbers the exponent is only 
between 4.6 and 5.7, for lower ones as low as 3.5 to 4.6. 

The jet flap is noisier than, the corresponding slot nozzle 
regardless of the Mach number, but the. differences decrease 
with increasing Mach number. These observations for A' = 60 
hold also for the other two slot nozzles, as is evident from 
Figure 6 (page 19 ) . 

For both the slot nozzles and the jet flaps the 

exponent of the power law seems 1 to depend on the Mach number. 

Harper (11) and Gruschka (12) report overall sound power 

measurements of slot nozzles (A = 15, 30, 60) and jet flaps 

( = 9, 13, 19) and the corresponding circular reference 

nozzle. As the measurements were obtained in a reverberation 

room, they are directly comparable to the results reported 

here. The sound power of their circular reference nozzle and 

\ ‘ . . 
the circular nozzle used in this study agree very well if 

the levels are corrected to the same exit area (by plot- 
ting them, for example, versus the Lighthill parameter 
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Nozzle 
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— 5 8 

L =p A a U , as was done in References (12) and (13). 

1 O C O tJ „ . .... t 

The slopes of the sound power plots reported in (12) also agree 
very well with those obtained in this study. This holds for 
the slot nozzles as well as for the jet flaps. Only the 
sound power is generally lower. It is believed that this 
is an effect of the small size of the nozzles and , jet flaps 
tested. They measured considerable reductions of thrust for 
the A = 30 and A = 60 nozzles compared to the circular 
nozzle. Therefore, the sound, power levels are generally lower 
than those obtained in this study. 


Power Density Spectra 


The power density spectra vfere calculated from 1/3 
octave sound pressure level spectra (Appendix B) . Generally 
the spectra of the noise are very broad and the maxima are 
very flat. It is often difficult to determine the peak fre- 
quency without substantial error. Nevertheless, in order to 
characterize the power density spectra the peak? frequency 
will be used here lacking a better parameter. 

Figure 11 is a plot of the peak frequency versus Mach 
number for the circular nozzle and the three slot nozzles, 
Figure 12 shows the bandwidth 3 dB below the peak for the 
same nozzles. - Comparing these two graphs it is obvious that 
high peak , frequencies are always associated with large band- 
widths) or, in other words,, the higher -the peak ^frequency 
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the broader spectrum. This observation holds generally 
for all tested nozzles. No low peak frequencies associated 
: with large bandwidth or high peak frequencies coupled with 
small bandwidth were found. 

One would expect the peak frequency of a circular 
nozzle to be proportional to the exit velocity and inverse- 

? ly proportional to the exit diameter 

f ^ u /d 
p e 

or 

Str = f x d/U = constant 
P P e 

where Str is the peak Strouhal number. However, the peak 
P 

; Strouhal number, plotted in Figure 13 versus the exit velo- 
city, shows a different behavior. Lighthill studied data of 
several researchers and found that the experimental evidence 
indicates at best a much slower increase of the peak frequen- 
; cy with increasing exit velocity than suggested by a con- 
: stant Strouhal number. The peak frequencies of the spectra 
of the slot nozzles were expected to depend on the aspect 
ratio such that the peak frequency increases with the aspect 
ratio due to the smaller nozzle heights. Furthermore, as for 
the circular nozzle, .the peak frequency was dxpected to be 
proportional to the exit velocity. The influence of the 
aspect ratio is as expected, though not for the higher sub- 
sonic Mach number range. The dependence on the exit velocity 
is, however, the opposite. In the low Mach number range the 
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slopes are negative and quite large for A = 60 and A = 120. 

The peak Strouhal number remains constant only for the higher 

* t 

exit velocities (Figure 13) . 

For jet flaps the first observation is that the peak 
frequency does not depend on the exit velocity. Figures 14, 15 
and 16 are plots of the peak frequency versus Mach number. 
Disregarding for the moment jet flaps with 5 F <; 10, the 
graphs display a proportionality of the peak frequency to the 
exit Mach number and an inverse proportionality on the flap 
.length 5 „. In order to demonstrate the direct proportiona- 

r 

lity between peak frequency and exit velocity, the Strouhal 
number was plotted versus the exit velocity for jet flaps 
with A = 60 and different flap lengths. Figure 17 shows 
that the Strouhal number remains nearly constant over a wide 
range of exit velocities. As characteristic length the flap 
length was chosen, which resulted in a minimum spread of 
data points. 

Jet flaps with 5 F < 10 exhibit somewhat different 

'•J 

noise characteristics. Besides some other irregularities 

the most important seems to be the sudden drop of peak fre- 

* • { 

quencies. First displaying the same proportionality to the 
exit velocity at low and medium subsonic Mach numbers as jet 
flaps with 5 F > 10, the behavior is suddenly reversed at 
higher subsonic Mach numbers, resulting in a decrease of 
peak frequency with increasing exit velocity. It may be 
noted again that the jet core extends at a maximum to 
about ten nozzle heights downstream, if it is completely 
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'' . Figure 14v" Peak Frequency of Power Density Spectra 

for Jet Flaps with Aspect Ratio A = 30 Versus Mach Number 
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shielded on one side by- the flap. For shorter flaps the core 
is" also shorter but extends over the trailing edge of the 
flap. ' . 

Figures 18, 19 and 20 present the peak frequency as a 

function of the dimensional as well as non-dimensional flap 

✓ 

length with the aspect ratio as a parameter. . It should be 
noted that the peak frequency is independent of the aspect 
ratio of the jet flap for M g < 0.9. This is shown by plot- 
ting the peak frequency versus the dimensional flap length 
t The scatter of the data by approxima te ly 0.5 KHz is con- 

. r 

sidered a rather small deviation. If, however, the peak 
frequency. is plotted versus the non-dimensional flap length 

i . ' «. 

the graph suggests a dependence on the aspect ratio. 

This incorrect impression is caused by using an irrelevent 
parameter to non-dimensionalize the influential parameter. 

If the aspect ratio has no influence at all it ap- 
pears that the peak frequency is just a function of the 
ratio of a characteristic speed and the flap length. This 
calculated frequency, using the exit velocity as character- 
istic speed, is also plotted in Figures 18, 19 and 20. This 
ratio is generally too high, especially for the shortest flap, 
but represents otherwise approximately the general behavior. 

* For M - 0.9, however, where the peak frequency drop 

for jets with 5 'j, < 10 occurs, the aspect ratio has a strong 
influence on the peak frequency.- If now the flap length, 
non-dimensionalized by the nozzle height^ is used on the ■ .. 


36 



A 


(a) Peak Frequency Versus Dimensional Flap Length 
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. (b) Peak Frequency: Versus Dimensionless Flap ^Length. 

Figure 18 , Peak Frequency of Power, Dens ity; .Spectra 
Versus Flap Length, M e = 0.35, 





abscissa, a certain, pattern develops with peaks in,, the -range 
8 < 5 p < 11. (Figure 20). It seems ; , for higher subsonic^ Mach 
a numbers, that the peak frequency increases with increasing 
flap length as long as the jet core extends over the trailing 
edge of the flap. As the core length depends .on the nozzle 
height, the peak frequency depends, also on the nozzle height 
and thus on the aspect ratio. If the flap length is larger 
than the core length, the peak. frequency is again inversely 
proportional to the flap length and is independent on the 
nozzle height. ■ 

... •• , • , Summary . * 

The influence of the Mach number on the overall sound 

power is discussed first. For higher subsonic Mach riumbers 

(0.7 to 0.9) the overall sound power is proportional to 
8 

U for the circular nozzle 

1 ' e " 

• ■ . •; U 8 to U 7 for the slot nozzles (30 £ A ^ 120) 

• - e e ' • ■ • 

U 8 to U 5 for jet flaps with A = 60 and 5.6 £ 

.. ■ e e 

■h ; • - 5 ji ^ 22.4 

For low Mach numbers (0.3 to 0.5) the exponents are smaller 

by approximately 20 % for all nozzles and jet flaps tested. 

The slopes are in agreement with those reported in (11) and 

< ( 12 ) . For low Mach numbers P . . P . . . >P . 

v ~ ' jet flap^ slot nozzle ^ cxr- 

, , but due to the power laws, the order of noisi- 
ness is reversed for higher Mach numbers. In Figures 6 
(page 19) and 10 (page 25 ) this behavior can be observed, 
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although ’ the highest' Mach 'number of the tests is not large 

>il enough. The slot nozzles are not as noisy as the circular 

nozzle for M v '> 0.45 and the- ’jet flaps are less noisy than 

the circular tiozzle for M ’> 0.85 to 0.95, depending oh the 

aspect ratio. ’If the data are extrapolated one may statd 

■'that the jet* flaps become less noisy than the slot nozzles 

around M =1 or above. "• : e 

e 

The influence of the flap length, the aspect ratio 
and the exit velocity on the sound power and the peak fre- 
quency is best presented separately for jet flaps whose ' 
flaps are shorter than the potential core and those with 
flap lengths longer than the core. The reason is that a 
clear picture is only obtained for jet flaps with flaps long- 
er than the core. = \ '• 

Summary for 5 ■ >10 - ' • 7 5 •' J J 

,J? » 

The total sound power is nearly independent of the 
flap length (10 <5 < 32) and depends only for higher sub- 

r 

sonic Mach numbers on the aspect ratio. The peak frequency 
is proportional to the exit velocity and inversely propor- 
tional to the flap length. It is independent of the aspect 
ratio (30 £ A 120). - : ' 

Summary for 6 p ^ 10 r . 

The total sound power increases with increasing flap 
length and r increasing aspect ratio (Figure 8, page 22). The 
slopes are decreasing with increasing -Mach number. The peak 
frequency behaves exactly as described for 5-, > 10 as long as 
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the exit Mach number is smaller than, say, 0.8. For 

M g = 0.9 the peak frequency increases with increasing flap 

■' 1 

length. 

Discussion 

Particular characteristics of the noise radiation from 
jet flaps, which were observed in free-field tests and repor- 
ted in the References (4), (5) and (8), were confirmed by 
the results obtained in the reverberation chamber. Since in 
all three references the -jet flaps had flap lengths much 
larger than the potential core, jet flaps with 5 F > 10 are 
discussed first. 

The first of these reported characteristics is the 
increase in overall noise if a flap of moderate length 
(10 < 6 < 30) is added to a slot nozzle. This result is 

shown in Figures 7, 8 and 11 (pages 21, 22 and 27 ). The 
peak frequencies of the power density spectra are larger 
for the jet flaps than for the slot nozzles, if 0.7 < M 

r\j 6 

< 0.9. The question is whether the high frequency noise is 

generated in the primary or in the secondary mixing region 
(the inner boundary layer is not considered since it is be- 
lieved that the two other regions of noise generation should 
dominate because of their much larger volumes) . According 
to the reasoning of Grosche (8 ) y the flap prevents the 
mixing of the turbulent plane jet with the ambient air on 
one side of the iet sheet, especially in the region near the 
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nozzle orifice which is commonly considered as the source of 
high frequency noise. Therefore, if the contents of high 
frequency noise increases, the most reasonable source of it 
is the secondary mixing region. If this is confirmed by the 
flow measurements, this has to be considered as a major draw- 
back of jet flaps equipped with moderately long flaps, since 
noise generated in the secondary mixing region is radiating 
unobstructedly towards the ground. 

• The second of the reported characteristics is the de- 
crease of overall noise of the jet flap compared to the slot 
nozzle, coupled with an increase of low frequency noise, if 
a long flap ( > 100 approximately) is added. In order to 

k JP *\j 

confirm this result of the free-field tests by the results 
obtained in the reverberation chamber, both the test data of 
the overall sound power versus 6 F and the peak frequency of 
the power density spectra versus have to be extrapolated, 
since the longest flap tested was 6„ = 32. In Figure 7 

r 

(page 21) the overall sound power at medium and higher sub- 
sonic Mach numbers is more or less constant for 12 < 5 

<y r 

< 32. There is no indication in which direction the curves 

. 'll 

will turn if the flap length is increased. Maglieri and 
Hubbard (4) reported a reduction of overall sound power for 
6„ = 190 compared to the slot nozzle , whereas Grosche (8) 

r 

reported a higher overall sound power compared to the slot 
nozzle for flaps with 5-c = 50 and 100. Therefore, if the 
sound power decreases as is indicated by Reference (4), 
it decreases only very slowly with increasing 5_. 

■* ; X 
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The picture is, clearer if the peak frequencies are 
considered. Figures 13 through 15 (pages 30, 32 and 33 ) and 
Figures 17 through 20 (pages 35, 37, 38 and 39 ) show that 

there is a consistent inverse proportionality between the 
peak frequency of the power density spectrum of the noise 
and the flap length ( at constant exit velocity). There is no 
apparent reason why this inverse proportionality should not 
also hold for larger flap lengths. Therefore, this relation- 
ship between the peak frequency and the flap length, the 
aspect ratio having no or only a minor influence, seems to 
confirm that a major part of the radiated noise is generated 
in the secondary mixing region. 

Next, consider the noise output of jet flaps with flap 
length 6., ^ 10. From the graph of the overall sound power 

r *v» 

versus the dimensional flap length (Figure 8, page 22), it 

X? 

is noticed that for a fixed Mach number the sound power increases 

with both the flap length and the aspect ratio (slot width) . 

This is a strong indication for the presence of wall boundary 

layer noise, composed of quadrupole noise and dipole noise. 

Both of these noise sources are proportional to the flap length 

and width (in the x^ direction) of the turbulent flow over the 

flap. Since the dipole noise dominates the quadrupole noise 

2 

by a factor of 1/M , the increase is largest for low Mach 

numbers and smallest for higher subsonic Mach numbers. The 

observed peaks of the overall sound power which occur only at 

small Mach numbers might be caused by strong dipole sources 

generated by the interaction between the unsteady motion of the 

potential core and the trailing edge of the flap. 
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Thus the additional overall sound power radiated due 
to the addition of a^ flap to a slot nozzle is composed of 
three types of 'noise : Quadrupole type wall" boundary layer 

noise, dipole type boundary layer noise and quadrupole type 
noise of the secondary mixing region. 
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CHAPTER III 


THE FLOW FIELD OF JET FLAPS 

! 

The objective of the flow measurements is to obtain 
general information on the flow field of' jet flaps, parti- 
cularly on mean shear, turbulence intensity and turbulence 
scale. This will lead to estimates of the acoustic source 
strength distribution. Also it will enable estimates of the 
relative source strength of the secondary mixing region to 
be made . 

I. SOME GENERAL CONSIDERATIONS AND INFORMATION 

The Flow Field of a Slot Nozzle as a 1 
Limiting Case of the Jet Flap 
Aj limiting case of the jet flap is the plane turbulent 
jet . (flap length becomes zero). As the flap length increases 
beyond the jet core length, it will gradually change the mean 
and fluctuating velocity profiles of the primary mixing re- 
gion. The dominating region of noise generation is the tur- 
bulent flow with high turbulence intensity and large mean 
shear, thus the central region of the -mixing region. It will 
be shown later that this part of the primary mixing region is 
not influenced at all by any of the three flaps. Therefore 
it is concluded, for the flap lengths under consideration here, 
that theory and experimental data of the free turbulent mixing 
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region of the plane turbulent jet can be applied to the pri- 
mary mixing region of the jet flap. 

The plane turbulent jet was investigated by several 
researchers, among them Albertson, Dai, Jensen and Rose (14), 
Van der Hegge Zijnen (15), Mathieu and Synyach (16), Miller 
and Comings (17) and Liepmann and Laufer (18). The latter 
investigated the first regime of the plane turbulent half- 
jet.. Theory and experimental data of the initial and tran- 
sient region of the tangential plane turbulent wall jet 
would be directly applicable (neglecting eventual influen- 
ces from the finite flap length), however, to the knowledge 
of the author, they are only available for the fully developed 
region. 

As already outlined in Chapter I, the flow field of 
a slot nozzle is self-similar in the initial region as well 
as in the fully developed region. Since the initial region 
is of dominant importance for the generation of noise, the 
self-similarity was checked by measuring the mean and tur- 
bulent velocity profiles with a hot-wire anemometer. Figures 
21 and 22 show these velocity profiles plotted against a non- 
dimensionalized lateral position. The mean velocity profiles 
are already similar for x^/h ^ 1, whereas the turbulence 
velocity profiles become similar further downstream. One can 
deduce from the data that the velocity profiles become fully 
developed in the range 1 £ x^/h < 3. Liepmann and Laufer* (28) 
report fully developed velocity profiles for x^/h>1.5. 
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ity Profiles of the Initial 







Information Obtained from Shadowgraph Pictures 

Some general information on the flow field were ob- 
tained by shadowphotographs taken with a short duration spark 
as light source. The shadowgraphs show that the transition 
from laminar to turbulent mixing layer occurs very close to 
the nozzle exit. The transition point, measured oh the cir- 
cular reference nozzle, is located approximately at x^/d 
= 0.2. The jet emerging from the slot nozzle (A= 60) under- 
goes transition somewhere before x^/h = 0.5. Downstream of 
the transition point the primary mixing region with its high 
turbulence intensity develops, separated from the flap by 
the potential ■ core and the inner boundary layer. In the case 
of the short. flap, 6^ = 5.6, the potential core extends over 
the trailing edge of the flap. Behind the trailing edge the 
secondary mixing region originates. The shadowgraphs indi- 
cate a faster spread of the secondary mixing region as com- 
pared with the primary mixing region. "The inner boundary 
> 

layer is very thin and not visible on the picture. 

In the case of a long flap ( 5_ = 22.4), the core 

extends over less than half the flap length. The inner 

\ * " 0 

boundary layer becomes visible but is still so thin that no 

turbulent structure can be seen. Here, too, the secondary 

mixing region- spreads faster than the primary mixing region. 

’ s' 
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II. HOT-WIRE MEASUREMENTS 

-The bulk of the data which will be reported are those 

. obtained in the flow field of. a jet flap with an aspect ratio 

A «= 60 and flap length, of g ^ = 5.6, 8.95 and 15.4. Thus one 

flap is shorter than the potential core, one is of about the 

same length and one is much longer than the core. The exit 

velocity is usually 120 m/sec, corresponding to an exit Mach 

4 

number of 0.35 and a Reynolds,, number of 1.75 x 10 , based on 
, ;o the nozzle height. Since no measurements were attempted in 
the inner boundary layer, all reported data are those obtained 
in the primary or secondary mixing region. All data were 
measured by means of hot-wire anemometers and Figures 23 
through -28 show a selection of typical mean and fluctuating 
.. velocity profiles. .The major part of the results presented 
on the following pages was obtained from such velocity pro- 
files. The instrumentation used for the measurements is 
described in Appendix C. . . , •• 

Two important features <?f the flow^field of a jet flap 
are readily apparent from inspection of these profiles. First, 
the mean velocity and the turbulence intensity distributions 
in the primary mixing region are unaffected by the addition of 
any of : -the flaps. Second, very strong mean velocity gradients 
and high values of turbulence intensity occur in the secondary 
mixing region immediately behind the flap. This is shown quite 
clearly in Figures 23 and 24 and indicate a strong source. of 
acoustic noise./ 
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Figure 23, Mean Velocity Profiles of Slot Nozzle and Jet Flap at 



120 m/sec 
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Figure 24= Turbulence Intensity Prof iles of Slot Nozzle and Jet Flap at x /h=6= 
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Figure 25 . Mean Velocity Profiles of Slot Nozzle and Jet Flap at x,/h = 9.14. 
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Figure 26 . Turbulence Intensity Profiles of Slot Nozzle and Jet Flap at 
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Figure 27 . Mean Velocity Profiles of Slot Nozzle and Jet Flaps at x /h = 10. 




Figure 28, Turbulence Intensity Profiles of Slot Nozzle and Jet Flaps at 









Mean Velocity and Mean Shear 

Figure 29 presents the axial, mean velocity decay for 
the slot nozzle and the jet flaps. The downstream extension 
of the potential core is approximately 5 = 4.75 for the 

slot nozzle and 6 C = 6.5, 9.4 and 10 for the jet flaps with 
5 p = 5.6, 8.95 and 15.4 respectively. Comparing the data of 
the slot nozzle with data compiled by Harsha (19), it is 
noticed that they agree within the usual margin of scatter. 
The. theory predicts that the centerline mean velocity de- 
creases with a slope of 1/2 for the fully developed turbu- 
lent plate jet. In Figure 29 this slope is reached at a 
downstream position of about x^/h = 15. 

The decay of the maximum mean velocity is faster for 

\ . . . 

the jet flaps and it seems that the curves merge further 

* • 

< ' i 

downstream. That should be expected, since the influence 
of the relatively short flaps should level out at some down- 
stream distance. 

Figure 30 shows the. maximum mean shear (lateral maxi- 
mum mean velocity gradient), non-dimensionalized by the nozzle 
height and the exit velocity, versus the downstream position. 
The curve for the primary mixing region is well substantiated 
by data of different slot nozzles and jet flaps. Neither the 
flap length nor the aspect ratio appear to have any influ- 
ence. The secondary mixing region exhibits large mean velo- 
city gradients. They appear to decrease faster than those of 
the primary mixing region. 
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Figure 29. Mean Velocity Decay in Downstream Direction. 





v It was expected that the gradient just behind the 
trailing edge of the flap would decrease with increasing 
flap length. However, the inner boundary layer has a thin 
sublayer adjacent to the flap, whose mean velocity gradient 
is much larger than that of the major part of the inner 
boundary layer. For the shorter flaps the sublayer is still 
so thin that the major increase of speed occurs outside of 
it. For the long flap, however, the major increase in speed 
occurs 'in the sublayer and subsequently the maximum mean 
shear is very large. The same phenomenon was observed be- 
hind the, trailing edge of a jet flap with an aspect ratio 
of 30 and a flap length of 16. The magnitude of the non-dimen 
sionaiized maximum mean velocity gradient was 14. 

If the maximum mean velocity gradients of the second- 
ary mixing region arc plotted versus (x^ - l-p) / h, the down- 
stream position relative to the trailing edges, the curves 
coincide fairly well. The non-dimensional mean velocity 
gradient of the circular reference nozzle is also presented 
in Figure 30. Except near the nozzle exit, x^/d = 1, the 
data agree well with those of the slot nozzle. 

Figure 31 shows a somewhat arbitrarily defined width 
of the free, mixing layer plotted versus the downstream posi- 
tion. The width presented is defined as the distance between 

v < .8 

the points having 10% and 90% of U. . There are two 

i max 

reasons for not using the whole width of the free mixing layer 
as it appears in the mean velocity profiles, besides the fact 
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Light Symbols: Primary Mixing Region 

Dark Symbols? Secondary Mixing Region 



Figure 31„ Width of Mixing Region, Obtained from Mean Velocity Profiles, 
Versus Downstream Position, 



that it is very difficult to be determined accurately. 

First the mean velocity plots do not represent the axial v 

velocity U, in the low velocity region. They actually repre- 

V - 2 - 2 

U 1 + U 2 since the single hot-wire does not distin- 

guish between and U 2 * Miller and Comings (27) present 
/_ 2 'L 2 \ x h - 

profiles of 1 + U 2 J * n< * U^-profiles and the 'two curves 
coincide everywhere except for U^/U e < 0.1. ^Since the outer 
edge of the jet is of no importance for the generation of 
sound, the profiles given here are uncorrected. The second 
reason is to present a width which approximately stands for 
the width of constant mean shear. Therefore, the rounded 
upper portion of the mean velocity graph is cut off. 

In the first regime the width of the primary mixing 
region increases linearly with increasing downstream position. 
This appears to hold, with a smaller slope, also for the re- 
gion of established flow. As the plane turbulent jet exhi- 
bits self-preservation in both the first regime and the 
region of established flow, the width should be proportional 
to the downstream position. The width of the secondary mix- 
ing region increases linearly, too, but much faster. Further 
downstream the rate of increase becomes smaller and appears 
to approach that of the primary mixing region. 

If the width of the secondary mixing region is plotted 
versus the downstream position relatively to the trailing 
edges, the curves coincide fairly well (Figure 32). 
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Figure 32, Width of Mixing Region, Obtained from 
Mean Velocity Profiles, Versus Relative Downstream Position . 
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Turbulence Intensity 


The turbulence -intensity is defined as 1^ = 100 u^/U g 

A ‘ ■ 

(per cent), where is the root-mean square value of the 

turbulence velocity in x^-direction. The turbulence inten- 
sity was measured in the primary and secondary mixing region, 
but no systematic measurements have been performed in the 
inner boundary layer. However, in the course of measuring 
the mean and turbulence velocity profiles by sweeping the 
hot-wire across the jet, some information was obtained con- 
cerning the turbulence intensity level in the inner boundary 
layer. 

As early as one nozzle height downstream of the 
nozzle exit the turbulence intensity at theouter edge of 
the inner boundary layer is about 2%, at x^/h = 3 it is 5%, 
and at x^/h =■ 5, 8.5%. Thus the inner, boundary layer is 
generating noise as well as, the two other regions, but the 
turbulence intensity seems to be less than observed in the 
two other regions. 

Figure 33 presents the maximum turbulence intensity 
in per cent of the jet exit velocity as a function of the 
downstream position. The turbulence intensity of the pri- 
mary mixing region increases rapidly within a short distance 
of about two nozzle heights and remains fairly constant over 
the following twenty nozzle heights. The data seem to indi- 
cate that the flap length has a small effect on the intensity 
in the primary mixing region. However, the tests were performed 
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in which great care was taken to let the hot-wire probe 
traverse in the same cross-section and from the same start- 
ing point. Then, the well-rounded peak of the intensity 
profiles of the primary mixing region (Figures 24 and 26 ■, pages 
53 and 55) were not altered by adding a flap to the slot 
nozzle. It is therefore concluded that the flap length has no 
influence on the turbulence intensity in the primary mixing 
region. 

The turbulence intensity of the secondary mixing 
region is distinguished by its remarkably high levels. Since 
the mean shear is considered to be the generator of turbulence, 
a relationship between them was expected such that the turbu- 
lence is high if the mean shear is high. Comparing Figure 30 
(page 60) and Figure 33, it is noticed that this relationship 
holds only for the two shorter flaps, but not for the longest. 
The longest flap has the highest mean shear and yet the lowest 
maximum turbulence intensity. It should also be noted that the 
turbulence intensity levels are generally much higher in the 
secondary mixing-region than in the primary mixing region, al- 
though the mean shears are approximately equal in magnitude a 
short distance beyond the end of the flap. 

The • growth of the width of the mixing region, measured- 
at one-half of the maximum turbulence intensity, is presented 
in Figure 34. Again, the width of the secondary mixing region 
increases . faster than the width of the primary mixing region. 
Coles (5) /. comparing experimental data of slot and circular 
nozzles, arrived at the same conclusion. 
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;; Figure 34, Width of Mix 
Turbulence Intensity Profiles, 


ing Region, Obtained from 
Versus Downstream Position 
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Turbulence Spectra 


The spectra of the hot-wire signal exhibit the same 
general: shape as those of the-' sound pressures measured in 
the .^reverberation chamber . .The energy, is well-distributed 
over the whole spectrum, resulting in broad 1 , bell-shaped 
peaks. From the 1/3 octave spectra the' power density spectra 
were calculated and their spectrum peak frequency, measured 
at. the maximum ^turbulence intensity, -is /plotted versus the 
downstream position in Figure 35. In the primary mixing 
region the peak frequency decreases monotonical ly with in- 
creasing downstream position and appears to be independent 

c : *. . ~ * v 

• i , 

of ' the flap length. Tests were made leaving the hot-wire 
probe stationary at the \maximum turbulence intensity, in the 

* s V * * 

flow field of a slot nozzle at different downstream posi- 

} 

tions. Different flaps were then added to the slot ;nozzle 
;and the frequency spectrum for each one obtained. Since the 

: ; ' ■ I 

' > 

frequency spectrum did not change at all, it is concluded 

; v • | 

that the spectrum peak frequencies obtained in different 

. % i 

v ' . , / 

tests in the primary mixing region ’ should all coincide with 
one curve . i •. 

•i* ' - ‘ % ' ( 

The spectrum peak frequencies of the\secondiry mixing 
region) display some interesting characteristics. First the 
.peak frequency decreases with increasing flap .length,?, or, in 
other words, the longer the flap the lower the characteristic 
frequenc'y 'of the velocity fluctuations in the secondary mix- 
ing region. Secondly, for the two shorter flaps the peak of 
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the curves does not occur directly behind the trailing edge 
of the flap at the beginning of the shear layer. Instead, 
the peak frequency first increases directly behind the 
trailing edge and starts to decrease at some position further 
downstream. The rate of decrease is faster than that of the 
primary mixing region, and the curves of the secondary mixing 
region merge. with the curve of the primary mixing region suffi- 
ciently for downstream. 

The turbulence intensity profiles, shown in Figures 24, 
26 and 28 (pages 53, 55 and 57) are broad-band profiles. If 
the signal of the laterally traversing hot-wire is sent through 
a set of filters, narrow-band turbulence intensity profiles are 
obtained. Figures 36 and 37 show graphs of this kind for the 
jet flap A 60 and 5 F = 8.95, obtained with filter sets of 
1% bandwidth. Figure 36 shows the primary mixing region at 
x^/h = 1, Figure 37 the secondary mixing region at the same 
downstream distance relative to the trailing edge (the down- 
stream position of the primary mixing region in Figure 37 is 
x^/h = 10). Both figures show that no major change of the 
distribution occurs if the turbulence intensity is decomposed 
into different frequency bands. In Figure 36 the peaks of the 
narrow-band turbulence intensity spectra are all at about the 
same lateral position, whereas Figure 37 shows that the peaks 
move away from the center of the jet with decreasing center 
frequency. The same effect should be present also in Figure 36, 
but it becomes blurred due to the narrowness of the mixing 

t - 

region. 
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Figure 36. Narrow Band Turbulence Intensity Profiles 
of Jet Flap A = 60, 5„=8.95 at x./h = 1. 
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Figure 37 „ Narrow Band Turbulence Intensity Profiles 
of Jet Flap A = 60, 5„=8 0 95 at x./h =10. 





Lateral Scale of Turbulence 


The definition of the lateral scale of turbulence is 
L_ - 7 U 1 < x 2> U 1 < x 2 + A V dx„ 

X2 ~ T ' _ “ * 

0 u l (x 2 ) .Uj^ (x 2 + a x 2 ) 

In experimental practice the upper limit is usually the 
first zero of the integrand. This scale of turbulence is 
usually associated with the dimension of the largest local 

eddies. The lateral correlation coefficient 

* ' 

g (X 2 ) = Txp U 2 + A X 2 ) 
u x (x 2 ) u x (x 2 + A- x 2 ) 

was measured for the circular reference nozzle, the slot 
nozzle and the three jet flap configurations, for the latter 
only in the secondary mixing region. The area under the 
correlation curve was then determined by graphical Integra- 

• ' 1 

tion using the first zero as upper integration limit. , 

the lateral scale of turbulence, non-dimensionalized 

• . • ’ j 

by either the nozzle height or the diameter, and plotted 

against the downstream position, is shown in Figure 38. As 

the points of the secondary mixing region seem to collapse 

on one curve, L was also plotted in Figure 39 against the 

x 2 , ; • • 
downstream, distance relative to the trailing edges;- This 

figure contains also data of the lateral scale of turbulence 

of a circular nozzle measured by Laurence (20) . His data agree 

very well with the data obtained here for the circular reference 

nozzle . 
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Figure 38. Dimensionless Lateral Scale of Turbulence of Circular Nozzle, Slot 
Nozzle and Jet Flaps Versus Downstream Position. 



Light Symbols:^ Primary Mixing Region 
Dark Symbols: Secondary Mixing Region 

A = 60, U e = 120 m/sec *' 

O Slot Nozzle 
□ Jet Flap, 5 *, - 5.6 

/S. t ^ x m _ « > o* s ne -« r* . 


O Jet Flap-,. 6 ? = 8.95 

A T^4. T-T„ _ r.* -15 # 4 


A Jet Flap 


O Circular Nozzle 
© Circular Nozzle, Reference [30] 

Fixed Wire is Located at the Point of 
Maximum Turbulence Intensity 


Figure 39,. Dimensionless Lateral Scale of Turbulence 
of Circular Nozzle, Slot Nozzle and Jet Flaps Versus Down- 
stream Position, Relative to tp/h. 




The scale of the slot nozzle has a larger slope than 


that of the circular nozzle,, whereas the slope of the lateral 




scale in the secondary mixing region is considerably larger. 

« \ * ' 5 ' 7 * * : . 

There is also a clear influence of the (flap length in the way 


that the lateral scale is directly proportional 


to the flap 


length. This is understandable since the lateral scale just 
behind the trailing edge should be proportional to the: boundary 
layer thickness at the trailing edge of the .flap. 


Summary 


There are two important results of the flow field 
measurements. 

.V • ,j 

1 . Very, intense turbulent mixing takes place behind 

*4 he trailing edge of a flap ( 5 < 16) . The mixing 

r 



is 

a. 



characterized by 

large mean velocity gradients comparable in 
magnitude to those of the development stage 

. , ■ • i 

of the primary mixing region; 

high turbulence intensities which exceed those 

.. ' ' "V ■ 

" observed in the primary mixing region. The 
peak turbulence intensity decreases ;With in- 
creasing flap length. The intensity level 
stays well above the level of the primary 


mixing region for approximately ten nozzle 
.• heights ( 5™ = 5.6 and 9); 

r 



c. lateral scales of turbulence which are larger 
than those in the primary mixing region at the 
same downstream position relative to the 
trailing edge or nozzle exit respectively. 

The lateral scale of turbulence just behind 
the trailing edge is proportional to the flap 

a 

length; 

d. more rapid spread of the turbulent mixing 
region; 

e. maximum peak frequencies of the fluctuating 
velocity component which are in the mid- 
frequency range and inversely proportional 
to the flap length. 

2. The noise radiated by the primary mixing region is 
practically uninfluenced by a flap ( 6_ < 16) . 

This conclusion is drawn from the experimental 
evidence that the central region of the primary 

\ x i 

mixing region in the range 0 < < 10 (which is 

associated with the bulk of the noise emitted) 
remains practically unchanged in its 

a. mean velocity profile; 

b. mean velocity gradient; 

c. turbulence intensity p'rofile; 

d. power density spectrum (which implies spectrum 
peak frequency) . 

j ■ • i 

The fact that the core length increases up to nearly 
twice its size in the flow field of a slot nozzle does there- 
fore not lead to an increase of the radiated sound power. 
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CHAPTER IV 


ESTIMATE OF THE ACOUSTIC SOURCE STRENGTH DISTRIBUTION 

In order to estimate the acoustic source strength 
distribution within the primary and the secondary mixing 
region, certain assumptions and simplifications were made: 

1. The self-noise was neglected. Lilley (6) showed 
that in the initial region more than 80% of the 
noise is due to shear amplified turbulence. The 
contribution of the self-noise increases gradually 
and becomes equal to the shear noise contribution 
in the fully developed flow region. However, 
since the bulk of the noise is generated within 
the first six to eight nozzle heights, the self- 
noise is of less importance.' It seems therefore 

, i 

justified to base this estimate on the contribu- 

*) 

t ion' of the shear noise alone. It was shown by 

r 

Lilley that the acoustic source intensity of shear 
amplified turbulence is given by 

I ( x (1 > x 2^ = c U 1 L x C 4 * 1 ) 

u 2 1 
4 

where L is the longitudinal scale of turbulence 
X 1 

and C is a constant of proportionality. 

2. As discussed in Chapter III, the primary mixing 

region is practically uninfluenced by the presence 

of a flap (5- ^ 16). The source strength distri- 
r *v * 

rf ' • ■ > . 

bution is calculated for one mixing region of the 
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slot nozzle and is considered to be the same 
for the primary mixing regions of the? jet 
flaps, irrespective of minor changes near the 
x, -axis V 

3. Lille.y (6) derived Equation 4.1 assuming homo- 
geneous isotropic turbulence. With this assump- 

. \ 

tion, the longitudinal scale of turbulence is 

just twice the lateral scale of turbulence. There- 

■ 

fore it is of no importance which one is used in 
Equation 4.1. : Howe ver , since the longitudinal 
scale was not, measured in the ^course of the 
experiments, the lateral scale will be v used here, 
v In Appendix D test data for the longitudinal 
scale, obtained by Laurence (14), and test data 

' ‘ ’ ' iU: : 

of the lateral , scale of turbulence are compared. 

t * ' r 

Expressing the acoustic source term of the" shear noise, 
Equation 4.1, in dimensionless form gives 



Thus theC non-dimensional source term, I* consists of the non- 

• ; T \> - • . ’ ■ ; 

dimensional mean shear, the turbulence intensity and the non- 


dimensional scale of turbulence and can be computed from the 
results ofl the data obtained from the measurements described 
in Chapter; III. The results of this- computation is displayed in 
Figures 40-43 for both the primary -and secondary mixing regions. 
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Figure 41, Acoustic Source Strength Distribution in Secondary Mixing Region 
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The figures show that the high intensity regions of 
both mixing zones are fairly small. A comparison with 
Figure 30 (page 60 ) indicates . that they extend mainly over 
the region of approximately constant mean shear. Close to 
the exit of the slot nozzle the acoustic source strength 
decreases due to the decrease of : turbulence intensity and 
turbulence scale and reaches zero at the point of transition. 

The acoustic source strength; of the secondary mixing region 

; V s' 

does not have such a "starting point.” It can be described 
as an extension of the inner boundary layer since the equal 

t v 1 . 

source strength lines are. a continuation of those within the 
inner boundary layer. 

Within the first approximately six nozzle heights 

• i * i 

downstream of the trailing edge or the nozzle exit, compar- 
able equal source strength lines enclose a larger volume of 
the turbulent flow in the secondary mixing region than in the 
primary one. As Equation 4.1 represents: the acoustic 
sound power per unit volume of turbulent flow, this means 
higher overall sound power output. Further downstream the 
equal source strength lines of the primary mixing region 
encircle the larger flow volume, however, the source strength 
itself has already decreased very much. Approximate integration 
of the intensity distribution reveals that the secondary mix- 
ing region has at least twice the sound power output as the 

ft - 

primary mixing region for the flow conditions given in Fig- 
ures 4T-43. 
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CHAPTER V 


l 

CONCLUSIONS AND RECOMMENDATIONS 

The overall sound power and the spectrum of the noise 
of a. jet emerging from a slot nozzle over an attached flap 
(jet flap) were investigated in an experimental survey . t The 
aspect ratios of the slot. nozzles .were 30, 60 and 120; the 
non-dimensional flap length varied in the range 4 ^6 F ^ 31.4; 

the flap deflection was zero degrees; and the; nozzle 
exit Mach number was varied between 0.28 and 0.9* All nozzles 
had the same exit area. 

The major conclusions resulting .from these investi- 
gations are; 

1. The overall sound po^wer of a jet flap at higher 
subsonic Mach numbers increases with the fifth 
or sixth power of the nozzle exit velocity. 

2. The overall sound power of jet flaps increases 

. with increasing flap length, but only up to 

= 8, and remains fairly constant thereafter. 

> The increase is proportional to the "wetted 

area.., " i.e. the area of the flap in contact with 
• the turbulent flow. This effect occurs at all 
jet exit velocities but is more pronounced at 
, , low Mach numbers. 

3. The domina.nt frequency range of the noise radiated 
by a j,et flap is proportional to the exit veloci- 
ty, inversely ; proportional to .the f lap length, 
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and independent of the aspect ratio. A different 
behavior was only observed for flaps with flap 

I 

lengths 6-c ^ 8 at an exit Mach number of 0.9. 

r 

Furthermore, flow field properties of a jet emerging 
from a slot nozzle over a flap attached to the nozzle (jet 
flap) were measured. The aspect ratio of the slot was 60; 

1 o 

7 

the non-dimensional flap lengths were 5_ = 5.6, 9 and 15.4; 
the flap deflection zero degrees; and the nozzle exit Mach 
number 0.35. 

The major conclusions reached from these measurements 

are : 

1. Very intense turbulent mixing takes place in the 
jet flow behind the nozzle orifice, and behind 
the trailing edge of the flaps. 

2. An estimate of the acoustic source strength 
distribution of the shear-noise indicates that 
the secondary mixing region generates at least 

’ twice as much noise as the primary mixing region. 

3. In the secondary mixing region the dominant 
frequencies are in the range from 8 to 4 KHz 
and decrease with increasing flap length. 

4. The flow field properties in the central region of 
the primary mixing region remain practically un- 
affected by the presence of a flap, at least up 

to x^/h = 10. (The central region is that part of 
the mixing region that has approximately constant 
mean shear and contains the maximum of the turbulence 
intensity . ) 
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Considering both acoustic measurements and the flow 
field measurements made in this study as well as information 
obtained from published results of other investigations, several 
additional general conclusions can be made about the noise 
generated by jet flaps. 

1. Adding a flap to a slot nozzle increases the over- 
all radiated sound power. The difference between 
the sound power radiated from a slot nozzle and a 
jet flap increases up to a flap length 6„ = 8 and 

thereafter is approximately constant for 8 ^6^ ^ 100. 

! * 

The total increase is largest for small exit Mach 
numbers. According to Reference (4) extremely long 
flaps ( 5 F = 200) have less overall radiated sound 
power than the pure slot nozzle. 

2. At higher subsonic Mach numbers (M >0.7) the 
jet flap radiates as much overall sound power as a 
circular nozzle of the same exit area. 

3. As the central region of the primary mixing region 

. ' • ■ V . . . . ■ 

is uninfluenced by the flap, the total noise 
radiated from this region is generated mainly with- 
in the first 6 to 8 nozzle heights from the exit 
and is independent of the presence of a flap. 

4. A flap prevents the development of a free turbulent 
mixing layer on one side of the slot nozzle. However, 
a free turbulent mixing layer will develop behind 

the trailing edge of the flap instead. This secondary 
mixing region generates at least as much noise as 
the first one would have generated. 
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5. The spectrum peak frequency of the radiated 
overall noise from a jet flap appears to be 
predominantly determined by the frequencies of 

- * - . l 

the turbulent velocity fluctuations in the region 
just behind the trailing edge. 

6. A part of the radiated noise is wall boundary 

layer noise. This is concluded from the dependence 

of the overall sound power on the wetted area of 

the flap. The difference in proportionality of the 

overall sound power on the nozzle exit velocity, 

7 ’ 8 > 

P . . . *v. U to U compared to P. , 

slot nozzle e e * jet flap - 

5 6 

U g to U g , suggests furthermore that the addi- 

l • 

tional wall boundary layer noise is mainly dipole 
noise. Both Grosche (11) and Hayden (12) reported 
strong dipole noise sources in the flow field of 
a jet flap. 

Therefore, jet flaps except those with extremely long 
flaps, can be expected to be more noisy than pure slot nozzles. 
Sizable reductions of the overall radiated sound power will 
only be accomplished, if the noise generation in the secondary 
mixing region can be suppressed to a large extent. However, 
even if the radiated sound power is large, the jet flap can 
be acoustically advantageous due to the directivity of its 
sound radiation. Since the directivity depends to a large ex- 
tent on the effectiveness of the flap as an acoustic reflector, 
the secondary mixing region is again of primary importance. 
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As long as this region radiates a sizable portion of the overall 
sound power, the directivity pattern of the jet flap will not 
differ very much from the directivity pattern of a slot nozzle. 
Therefore, since any reduction of its noise generation will 
not only reduce the overall radiated power,- but improve at 
the same time the directivity pattern of the jet. flap. 

A device which might have some potential in this 
respect is the "Coanda-Surface" (Figure 44). The principle 
is that the curved flap surface with the jet attached will 
increase the width of the free mixing region more rapidly 
than a straight flap. Consequently the mean velocities and 
the mean shear will decrease at an increased rate which in . 
turn results in smaller mean shear and turbulence intensity 

in the secondary mixing region. Although this is known from 

\ 

related investigations, the quantitative effects will have 
to be investigated. 



(a) Jet Flap Tested in this Study. 



(b) Coanda Surface. 

Figure 44. Coanda Surface Versus Jet Flap with 
Plane Flap. 
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r APPENDIX A 

ACOUSTIC MEASUREMENTS: TEST SET-UP AND TEST FACILITY 

Air Supply System 

A schematic of the air supply system is shown in 
Figure 45, a sketch of the plenum chamber in Figure 46. 

Using one-dimensional isentropic flow relations, the 
conditions in the exit area are fully determined if the 
total pressure and the total temperature in the plenum 
chamber are measured and the pressure in the reverberation 
chamber is known. The latter is determined by measuring 
the barometric pressure and the pressure difference between 
the barometric and the reverberation chamber pressure. 

Nozzles and Flaps 

Only convergent nozzles with a constant exit area of 
2 

314.15 mm were used. Except for the slot height h and the 

slot width w the three slot nozzles are all alike. The flaps 

which were attached to the nozzles, differed only in the flap 

length 1 -. Figure 47 shows a schematic of a slot nozzle with 
r 

an attached flap. In this study slot nozzles and flaps of 
the following dimensions have been used: 

1. Nozzles 

Slot Nozzle A = 30: h = 3.2 mm 

w = 95.8 mm 
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Figure 45. Schematic of the Air Supply System. 



44.75 



Figure 46. Schematic of Plenum Chamber 









Attached 


Slot Nozzle 

A =. 60: 

h 

= 2.27 

mm 



w 

= 136.4 

mm 

Slot Nozzle 

A = 120: 

h 

= 1.61 

mm 



w 

= 193.5 

mm 

Circular Reference Nozzle: d 

= 20.0 

mm 

Flaps 





( i) 

•n 

ii 

0 
• 

01 

in. = 12.7 

mm 


( ii) 

00 

» 

o 

II 

Pm 

“N 5 

in. = 20.35 

mm 


( iii) 

= 1.38 

in . = 35.0 

mm 


(iiii) 

v = 2 -° 

in. = 50.8 

mm 



All flaps were 10 inches wide and had an angle of 
deflection of 0° , 

Reverberat ion Chamber 

There are two types of well-defined acoustical envi- 
ronments, the acoustically free field and the diffuse field. 
The free field is a field without any sound reflecting 
obstacles. A microphone placed into it would measure the 
sound pressure of the free progressive waves originated at 
the sound source. If there are any sound reflecting objects 
in the acoustic field, it measures, however, a combination 
of the pressure due to the original waves and the reflected 
waves . 

The acoustically diffuse field is a field where a 
great number of reflected waves, from all directions, com- 
bine in such a way that the average sound energy density is 
uniform everywhere in the field. Such a field exists, at 
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least approximately, in the reverberation chamber. The 
directivity of the noise source is not detectable any more. 
However, the diffuseness of the field allows a relatively 
easy estimate of the sound power because the sound energy 
density in the room is directly related to the difference 
between the sound energy absorbed by the room walls. Since 
this absorption depends on the frequency, a weighting 
function, the reverberation time, is needed. The reverbera- 
tion time is defined as the time required for the average 
sound pressure level, originally in steady state, to de- 
crease 60 dB after the source has stopped to radiate sound. 
Knowing the volume of the reverberation room and the rever- 
beration time as a function of the frequency, the overall 
radiated sound, power as well as the narrow band sound power 
levels can be determined (11). The reverberation room, used 
for these tests, was described in (11). It is sufficient to 
say here that its lower limiting frequency, which is inverse- 
ly proportional to the volume of the chamber, is 0.5 KHz. 

Instrumentation 

. ; The instrumentat ion consisted of the microphone, a 
microphone amplifier, the audio frequency spectrometer and 
a level, recorder. The chain of the signal processing is 
shown in Figure 48. 
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Condensor 



Figure 48. Instrumentation for Acoustic 7 Tests. 


The signal is limited tb 22 \ f f < 45,000 Hz and is 
analyzed in the audio frequency spectrometer- by 1/3 or 
1-octave band-pass ' f liters . For these* measurements- the 
1/3 -octave filters were always employed. 'r&i i'. :-.rr 

*- -In order to obtain the absolute sound- pressure level 
values (with reference to 2 x io ^p,bar), spectrometer-^ and 
level recorder were calibrated before each test (21) . 

The microphone was selected such that its frequency 
response tends tb cancel out the effect of absorption of 
the sound by air (Figures 49 and . 50 ) . • 
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f 



90° = Fre;e“-Field Response at 90° (Grazing Incidence) 

0° = Free-Field Response at 0° (Normal Incidence) 

R =. Random Incidence Response (Diffuse Field) 

P = Pressure Response 

Full Line: Without Grid j 

Dashed Line: With Grid 

In this Study, the Microphone was Used without Grid 
in a Diffuse Field (Reverberation Chamber) .■ The Response 
is thus Given by the Solid R-Curve , 

Figure 50, Frequency Response of the Condensor 
Microphone, Brllel & Kjaer, Type 4136. ; 

Source: Brllel & Kjaer Instruments, Inc., "Audio 

Frequency Spectrometer Type 2112," Instructions and 
Applications , Copenhagen, Denmark, July 1967. 
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APPENDIX B 


ESTIMATE OF THE POWER SPECTRAL DENSITY 


A power spectral density estimate is ’'given (22) by 


; ? (f , A f) 

G (1 ) ■= 2 

x c ... - .> ... • ,< 




••‘I 




-.r.-ri- 


where x is the mean square of the .instantaneous signa.1 , ; and 

f is the center frequency of the bandwidth A f. 
c * 

The Audio Frequency Analyzer measure's 'the sound 

’ ' ■' ' ' ' " ” " 'l.'"'""'"' ’ ■■ 

pressure level in a bandwidth of 1/3 octave, with respect 

to a reference pressure and reads it out in decibels: 

, “ ' ■ '■ ' ■ ' 'r.: ' . . *1 . ■ y .. jl .'.J'i ■ ■■vu>: 

/iT 

n (f A f) = 20 log.^-^- 

. .. . ... . P R 


. . 

where p is the mean square value of the instantaneous sound 
pressure and p_ is an arbitrary reference pressure. Commonly 

; .. r xy-y .. ~ ** . .vx, - , , v -• *. 

—4 ~ 

the pressure of 2 *10 jxbar is used as reference pressure. 
The power spectral density is estimated from the sound pres- 
sure level n (f , A f) as follows: 

~2 2 n/10 

p = p„ x 10 


R 

"2 


G (f ) = 
c 


R 1Q n/10 


A f A f 


f n G .(f) 
R c 


R 10 n/10 


A f 
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.. • •' < • . 

where f is an arbitrary reference frequency 
R 


f R G: ( f ) . A f 

1° ioglO , 2 . . " (f c’ A log 10 . 

• •• ■ r- ■ ; p " '•*•*" 


Reference [31] suggests a correction of - 0,4 dB for the 
"effective bandwidth, " which is larger than 1/3 octave. 
Thus the equation for estimating the non-dimensional power 
spectral density becomes -• 


• -r ,;f R G-,(f ) - ... -. .. - . • A f 

10 log 1() — = n (f c , A f) ~ (0,4 + log 1() ) dB 


A power density spectrogram represents accordingly 


1 ’ f R G (f c } 

10 log,. — — versus f 

iu 2 ( 

PR 


A typical power density spectrum is shown in Figure 51 
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10 log 1 n G/G 



- Frequency, kHz 

Figure 51. Typical Power Density Spectrum. 
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APPENDIX C 


FLOW MEASUREMENTS: INSTRUMENTATION AND PROCEDURE 

Hot-Wire Anemometer Measurements 

The air supply system, the nozzles and the flaps ajre 
the same as described in Appendix A. The jet emanates again 
into the reverberation chamber, but the function of the 
chamber is now limited to provide shelter to both the jet 
and the hot-wire probes against weather conditions. The ^et 
is located far enough from any wall to insure its unobstruc- 
ted development. The pressure in the chamber is equal to the 
barometric pressure since its large door is kept open during 
the tests. 

The instrumental set-up, shown in Figure 52 , was used 

to measure the mean velocity, turbulence intensity, turbu-' 

lence spectra and the autocorrelograms . In order to measure 

these flow properties the hot-wire probe was placed, mounted 

to a traversing mechanism, into the flow field such that the 

wire was parallel to the Xg-axis of the coordinate system 
14 

and traversed in a plane parallel to the nozzle exit plane 
(Figure 53). This results in plots of the mean velocity and 
turbulence intensity versus Xg for fixed x^ and x^. x 3 is 
of no importance as long as the flow field is two-dimensional, 


'The wire is not moved continuously, but stepwise 
through the flow. 


107 


Figure 52. Instrumentation Set-Up for Flow Measurements. 


(a) General Set-Up of the Hot-Wire Instrumentation 
(Mean Velocity and Turbulence Intensity Profiles, 1/3 Octave 
Turbulence Velocity Spectrograms, Autocorrelograms) . 

" (b) Set-Up for the Determination of Space 

Correlograms . 


Instruments Numbered ‘ in Figure 53 (a) and Xb) 

. . . \ • . " ' ' * i 

1. ^Constant Temperature Anemometer, Type. 55D01, DISA , 

Elektronik A/S L/ 

2. Linear izer, Type 55D10, DISA 

3. Auxiliary Lnit, Type 55D25, DISA 

4. Sweep Drive Unit, Type 52B01, DISA 

5. Digital DC Voltmeter, Type 55D30, DISA 

6 . ' True RMS-Voltmeter, Type 55D35 Mark II- DlSA 

7. X-Y-Recorder , Model 135, Moseley Co.,. 

8. Single Beam Oscilloscope, Type 515A, Tektronix 

9. Dual Beam Oscilloscope, Type 502A, Tektronix 

10. Audio Frequency Spectrometer, Type 2112, Brllel & Kjaer 

11. Level Recorder, Type 2305, BrUel & Kjaer 

12. Analog Correlator, Type 9410, Honeywell 

13. Loop-Tape Recorder/Frequency Modulated, Type LAR 7490, 

Honeywell 

14. Stepper Motor, Type 52C01, DISA 

15. Hot-Wire Probe, DISA (various kinds were used) 

16. High-Pass Filter * ' ; ~ - 

•17. Constant Temperature Anemometer, Model TO 10A , 
Thermo-System. Inc. l - - - • 

T8. Linear izer , Mpdel 1005B, Thermo-System Inc/ ? 

19. Analog Correlator, Type 55D70, DISA 

20. RMS-Voltmeter, Type 3400A, Hewlett-Packard 






Anemometer 


Linearizer 




. .... .2. 




- : • ' • 

Auxiliary . 
• v Unit ’7 . 

" *3 ; 




•v / .• j.r 





09 


- * ' \ , ’ 


Sweep Drive 
5 Unit 

4 


— a is 



Correlator 


X-Y- 

Recorder 
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15 15 

(b) 

Figure 52. (continued) 
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During the measurements x 3 was usually approximately zero. 

In order to obtain turbulence spectra the sweep is stopped 
at selected points and the signal of the hot-wire is analyzed 
in the 1/3-octave bandwidth audio frequency spectrometer , A 
power spectral density estimate is then obtained from the 
spectra as described in Appendix B. All power density 
spectra whose peak frequencies f are plotted in Figure 36 
(page 72) were obtained at the points of maximum turbulence 
intensity of both mixing regions at different downstream 
positions. Similarly the autocorrelograms were obtained for 
certain points of the flow field. Because the measurement 
of a correlation curve takes a considerable amount of time 
in which the flow field has to remain in a steady state, the 
signal was played on a tape loop. The autocorrelation curve 
was then obtained from the stored signal, 

A different set-up was used for the measurements of 
the lateral space correlation function (Figure 52 , pages 109 
to 110). Both hot-wires were positioned as described above 
and shown in Figure 53 . One wire remained in a fixed posi- 
tion/whereas the other wire moved in Xg -direct Ion. The 
resulting plot is the lateral space correlation coefficient 
versus A Xg for the point in the flow determined by the 
fixed wire. The lateral scale of turbulence was then ob- 
tained by graphical integration. A critical quantity to be 
determined during the measurements was the initial distance 
between the two hot-wires. The plot of the lateral space 
correlation function versus A x has to be extrapolated over 

S 
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the initial distance before the graphical integration can 
be performed. The smaller A x 2 of the first zero, the more 
accuracy is needed in determining the initial gap. Since 
no optical device was available to measure this distance with 
sufficient accuracy, it had to be estimated by comparing it 
to gaps of known width. This method did not provide the 
necessary accuracy near the nozzle exit, where the scale of 
turbulence is very small. 

Two-Dimensionality of the Flow Field - 

From the experimental point of view, a two-dimensional 
flow does not exist due to the necessity of limiting the slot 
width w. However, it can be approximated by using slots of 
high aspect ratios. According to Van der Hegge Zijnen (15) 

i , * *‘ 

-* / ■ 

the three-dimensional end effects of a slot nozzle are 

limiting the two-dimensional flow to downstream distances 
of approximately 2 w (in the plane of symmetry perpendicular 
to the nozzle exit area), or, expressing it non-dimensionally , 
2 A. As the measurements were conducted in. the. flow field 
of slot nozzles with aspect ratios of A = 30 and 60 at down- 
stream positions x^/h < 22, the condition of two-dimensional- 
ity was always satisfied. 

Turbulence is naturally three-dimensional. However, 
within the two-dimensional flow region,, it is homogeneous in 
x 3 -direct ion , which means that the structure of turbulence 
does not change in that direction. 
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Measurement of Flow Properties 
In a Point of the Flow Field 

The hot-wire can be pictured as a cylinder, measuring 
• ' ' ' • ' s. . ■ 

0.005 mm in diameter and 1.2 mm in length. If it is ori- 
entated parallel to the x 3 -axis as shown in Figure 53 (page 
111), the length is unimportant. Since the diameter of the 
wire is extremely small compared to the height of the slot 
(2.27 mm for the slot nozzle with A = 60, the data can be 
considered as those of a point in a flow field. 

The length is of importance, however, if the wire is 
not correctly orientated parallel to the x 3 -axis. Two kinds 
of errors can occur: First, the wire is located in the x^, 

x 3 ~plane but forms an angle (3 with the x 3 ~axis. Secondly, 
the wire remains in the Xg-plane but forms an angle 7 

with the x 3 -axis. Because the gradients within the flow 

J- - • ■ ' •■«••• 

field are much larger in Xg-direction than in x^-direct ion , 
the influence of 7 can be neglected against the influence of 
p. If p - 5°, the effective diameter becomes already 0.1 mm 
or 1/20 of the height of the slot approximately. Therefore, 
particularly near. the orifice, the correct orientation of 
the wire is important. 

Similar are the difficulties if the longitudinal velo- 
city correlation function is to be measured at a point of the 
flow field. The two wires have to be oriented as shown in 
Figure 53 (page 111 ) . Both have to be located in the same 
plane parallel to the x^, x 3 -plane such that one is exactly 
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downstream of the other. Difficulties arise when one wire 
is in the wake of the other. Therefore, they have to be 
displaced by a A Xg. Due to the small size of the nozzles 
any displacement in Xg-direct ion close to the nozzle exit 
results in a substantial error. The correlation coefficient 
which should be unity for A = 0 will decrease consider- 
ably due to A x 2 ^ 0. Furthermore it is extremely difficult 
to keep the moving hot-wire in the plane parallel to the 
x l’ x 3 “Pl ane 3 into which it was initially placed. This 
introduces an additional error that may be large due to the 
small nozzle height. Finally the measurements suffer from 
the same difficulty of determining the initial distance as 
already described. 

The last mentioned source of error is the only im- 
portant one in obtaining the lateral space correlation func- 
tion. Even if sizable deviations from the traversing path 
occur, the errors will be small due to the small gradients 
in x^-direction . 

• Ur 

It can be stated generally that deviations which in- 
volve changes in Xg-direct ion , will introduce large errors, 
those in x^-direction small errors and those in x^-direction 
no errors at all. As errors in the orientation of the probe 

. * • • i 

and traversing path are inevitable, their relative effect 
will be inversely proportional to the nozzle height. 
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Single Hot-Wire Measurements 

• ‘- 4 • : '~y ■' A single hot-wire is sensitive to velocities perpend i- 

C. " 

■ '*' cuiar -’to- its axis and- more or -less insensitive to velocities 

parallel to its axis. If the wire is orientated as shown in 
Figure 53 (page 111), the velocities which influence the 
- ■ •' ' sigria 1' of : the hot-wire are U^', U 2 , u^ and u 2 (the latter are 
here the instantaneous values of the fluctuating" velocity 
components). The total error due to the u 2 ~component is 
approximately given by 

— > 

/ u o 

100 (U. 4- u..) [y 1 + — ==-g - 1] per cent 

( U 1 + u x 2 ) 

whereas the influence of the (^-component on the mean velo- 
city only is approximately given in Reference (23) as 

. 2 , 2 
_ 1 u 1 u 

100 U, (1 t? 4- — — k-) per cent 

1 4 2 


If the turbulence intensity (with respect to the local mean 
velocity) increases over 20%, the errors become quite large. 
They can be avoided by using so-called "X"-probes, which 
consist of two separated wires which form an "X," The two 
signals allow the determination of both u^ and u 2 if the * 
probe is orientated such that the plane of the "X" is 


parallel-, to the x^, x 2 -plane, 
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Due to the small size of the nozzles, this orienta- 
tion would result in. signals of both wires, which represent 
15 

an average velocity without any relationship to the velo- 
cities in, certain points The inf luence of Ug is only of 
importance at the outer edge of the free mixing region. As 
the central region of the mixing regions is here of. part icu 
lar. interest , Ug is neglected.. . r .... . ; 



15 


Averaged over A x 2 = wire length / 2 . 
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APPENDIX D 


LONGITUDINAL AND LATERAL SCALES OF TURBULENCE 

16 

For the axisymmetric jet both 'the longitudinal and 
17 

the lateral scales of turbulence have been measured by 
Laurence (20), Davies, Barratt and Fisher (24) and - others . 

Laurence reported that the longitudinal and lateral 
scales of turbulence are* nearly independent of the Mach and 
Reynolds number and, in the central region of the mixing 
zone, vary proportionally with the distance from the nozzle. 
The lateral scale is more or less constant within a cross- 
section, whereas the longitudinal scale varies by approxi- 
mately 20% in the central region of the turbulent mixing 
region. The longitudinal scale is larger than the lateral 

scale by a factor of the order of 1.5 to 2.5. 

• . . 1 

Coles 5 based his analysis of the overall radiated 
sound power of jets from circular and slot nozzles on simi- 
larities of fundamental mixing-zone structure. One of these 

16 

The longitudinal scale of turbulence is defined as 


00 



• | 
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is the similarity between the scales of turbulence. The 
dimensional scales of the slot nozzle are much smaller than 

i ' , 

those of the circular nozzle (with the same exit area) due 
to the smaller characteristic length. Non-dimensionalized by 
the characteristic length they should become equal if simi- 
larity exists. 

Figure 54 presents data of non-dimensionalized scales 
of turbulence in the primary mixing region obtained either 
from literature or in the course of the experiments. The data 
of the lateral scale of turbulence were obtained by correla- 
ting the signals of two hot-wires. Although- two-wire mea- 
surements are also the most straightforward method to deter- 

18 

mine the longitudinal scale, it was here determined from 
single-wire measurements. From the autocorrelograms of the 
single hot-wire signal the longitudinal scale was obtained 
utilizing Taylor's Hypothesis (Reference 23 ). 

If a conclusion may be reached on the basis of the i 
limited data available, the non-dimensional scale of turbu- 
lence of the slot nozzle is slightly larger than that of the 
circular nozzle. The lateral scale, however, is considerably 
larger than that of the circular nozzle. This is consistent 
with the larger lateral spread of the turbulence mixing re- 
gion of a slot nozzle (Figure 32, page 64). 

Equation (4.1,), which is an expression for the over- 
all radiated sound power generated by turbulence interacting 

18 

The reason is outlined in Appendix C. 
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Figure 54. Comparison Betweeii Longitudinal and 
Lateral Scales of Turbulence of Circular Nozzle and Slot 
Nozzles . • • ' '- 5 '• ■ '••• 



with, large shear > .was derived by Lilley ( 6) using relation?- 
ships valid for the model of homogeneous isotropic turbulence. 
In this model the longitudinal scale of turbulence is twice 
as lar.geVas the lateral scale. In Figure 54, measured data 
of both scales are plotted. If the scales of circular noz- 
zles are compared, the longitudinal scale is by a factor of 
2.3 to 3.4 larger' than the lateral scale at downstream posi- 

J „ ; 

tions of 1 to 5 times the diameter. The factor increases 
with decreasing downstream position. If the longitudinal 
and lateral scales of slot nozzles are compared, the factor 
is 1.75 to 1.85 at downstream positions of 3 to 5 times the 
nozzle height. Again it increases with decreasing downstream 
position and is approximately 3.2 at x^/h =1. It should be 
noted that slot nozzles of different aspect ratio were com- 
pared. However, as long as the aspect ratio is sufficiently 
large the major part of the flow field is with good approxi- 
mation two-dimensional and then the scales, non-dimension- 
alized with the nozzle height, should be the same. 

Figure, "5 5 presents longitudinal and lateral scales 
of turbulence measured in the secondary mixing region of 
various jet flaps . Although only .two data points are 
available., for the longitudinal scale, they indicate that the 

1 7 . 

factor between the longitudinal and the lateral scale is in 
the same range as in the primary mixing region, . 

, Thus, this pomparison. as well as. the results reported 
by Laurence (20) show that the relationship between the 
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Lateral Scale (Two-Wire Measurements): 
A = 60, U = 120 m/sec 


■ 6 f = 5.6 

♦ 6j.= 9.0 

A 6^=15 , 4 

Fixed Wire is Located at the Point of Maximum 
Turbulence Intensity 

Longitudinal Scale (Single Wire Measurement, Using 
Taylor’s Hypothesis): 

+ 4,0 


5f A = 30, U n = 98 m/sec 

x o F = i0 « y e 


Figure 55= Comparison Between Longitudinal and 
Lateral Scales of Turbulence in the Secondary Mixing Region 
of Jet Flaps . 




longitudinal and lateral scale of turbulence depends on the 
space coordinates. However, the factor by which the longi- 
tudinal scale is larger than the lateral, is still fairly 
close to that predicted by the homogeneous isotropic turbu- 
lence model. 
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